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Large freshwater pulses to coastal ecosystems change local hydrologic regimes and alter biogeochemical pro
cesses. The Mississippi Bight coastal ecosystem, located in the northern Gulf of Mexico shelf, is influenced by
extensive freshwater inputs: the Mississippi River (MSR) and several smaller rivers to the east. Under river flood
conditions, MSR waters flow through the Bonnet Carr�e Spillway (BCS) to relieve pressure on levees in New
Orleans, Louisiana. In 2015, mild wintertime temperatures and heavy rainfall throughout the MSR watershed led
to extreme flooding and prompted an unusually early BCS opening on January 10, 2016 for 23 days. This study
examines the effects of such intermittent freshwater diversions on local shelf circulation, planktonic distribu
tions, and potential contaminant transport pathways. Physical, chemical, and remote sensing data collected one
month after the BCS opening suggested the region was comprised of three water masses: shelf saltwater, MSR
waters, and local river waters. Observations and circulation model results showed the BCS waters remained
within the estuarine lakes and sounds, where winter wind patterns mixed the waters and prevented BCS waters
from flowing onto the shelf. Freshwater within the Mississippi Bight was primarily from concurrent flooding of
local rivers. Two distinct clusters of microplankton (offshore versus nearshore stations) and zooplankton
(Chandeleur Sound versus other stations) community compositions were detected. No algal blooms were
observed during this BCS opening. The 2016 wintertime BCS opening resulted in muted effects on the sounds and
shelf because of its short duration and uncharacteristically early release.

1. Introduction
River diversions and spillway openings are common water man
agement practices for alleviating rising river waters, and can result in
large freshwater pulses that may have downstream biogeochemical ef
fects depending on the volume of water, nutrient and sediment content,
and where the water is transported. The Mississippi Bight, which is
located within the northern Gulf of Mexico, is a managed coastal

ecosystem that includes the heavily managed Mississippi River (MSR)
with levees and dams all along its extent (Templet and Meyer-Arendt
1988; Kesel, 1988; Mossa 1996). The levees and dams control water,
sediment, and nutrient fluxes down the river and into the Gulf. The
strong confinement of the river leads to a control on the discharge,
which becomes problematic during uncharacteristic spring floods. River
floods require additional management when river discharges exceed
design criteria for the levees. In the case of the MSR levees along New
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Orleans, Louisiana, the Bonnet Carr�e Spillway (BCS) was designed to
protect the city.
The BCS is located ~52 km upriver from New Orleans (Fig. 1). This
spillway allows floodwaters to flow from the MSR into the Lake
Pontchartrain Estuary, which is connected to the Gulf of Mexico through
the Lake Borgne Estuary (Fig. 1). The BCS has opened 14 times between
its construction in 1931 and 2019, usually occurring in the spring
months. However, the BCS opening of 2016 occurred in January, the
earliest ever recorded. December 2015 was the warmest month for the
continental US since record keeping began in 1895, likely caused by one
~ o events on record (NOAA 2016). The unusually
of the strongest El Nin
early BCS opening in January 2016 stemmed from two snow/melting
events occurring within the extensive MSR watershed. First, two
early-season winter storms during November 19–24, 2015 deposited
100–450 mm of snow over a wide region from South Dakota through
northern Iowa/Minnesota to northern Illinois and Wisconsin (Santorelli
2016). Much of this snowpack melted within days, quickly filling rivers
and tributaries. Second, two Midwest snow/rain events occurred in
December (days 12–14 and 27–29). New snowpack delivered on
December 12–14 over the northern Midwest (Rubin-Oster 2017) was
melted by a rain event on December 27–29 with record totals of 250 mm
in a 36-h period, which resulted in extensive flooding along the MSR
(Holmes et al., 2016; Kong 2017).
At the same time, flooding was also experienced in the watersheds
east of the MSR spanning parts of Mississippi, Alabama, and Georgia
caused by extreme rainfall on December 21–28, 2015. Alabama received
the brunt of that rainfall, with a local maximum of more than 350 mm
(Huffman 2017). This regional flooding led to large freshwater dis
charges into the Mississippi Bight from a variety of local rivers, espe
cially from the Mobile Bay watershed.
Periodic openings of the BCS introduce significant amounts of
freshwater, inorganic nutrients, and organic matter that alter the
physical, biological, and chemical properties of local coastal waters
within Lake Pontchartrain Estuary and beyond (Mize and Demcheck,
2009; Lane et al. 2001; Bargu et al. 2011; Roy and White, 2012; Kolic

et al. 2014; Adebayo and Amer, 2017; Roy et al. 2017). These nutrients
can alter local trophic systems based on the amount and type of
phytoplankton that become dominant (Officer and Ryther 1980; Turner
et al. 1998). Additionally, it is well documented that large shifts in
nutrient stoichiometry can promote the proliferation of potentially
harmful algae (Dortch et al. 1998; Brammer et al. 2007).
Furthermore, freshwater input alters the physical properties of the
water column, which can shift the community structure based on the
temperature and salinity tolerances of different species (Barletta et al.
2005). This freshwater lens can also increase stratification of the shelf
waters that leads to bottom water hypoxia, when combined with expo
nential growth, reproduction, and decomposition of phytoplankton due
to an influx of nutrients (Rabalais et al. 2002; Dzwonkowski et al. 2018a;
Haywood et al. 2018). Bottom water hypoxia also alters community
structure in two main ways (1) more motile organisms (e.g. adult fishes,
shrimp): flee, and (2) less motile organisms (e.g. larval fishes, oysters)
experience physiological stress or even perish, resulting in “dead zones”
(Marcus 2001; Purcell et al. 2001; Breitburg 2002). The western Mis
sissippi Bight is subject to severe summertime hypoxia, including a large
summertime hypoxic event that was observed in 2008 three months
after a BCS opening that year (Brunner et al. 2008; Gundersen et al.,
2019). The implications for these hypoxic events are that large inter
mittent events of freshwater carrying organic matter and nutrients may
shift coastal ecosystems. However, the effects of the BCS discharge on
the ecology and biogeochemistry of the sounds and shelf are not widely
understood, especially in the wintertime.
Here, we focus on characterizing physical, biological, and chemical
properties within the Mississippi Bight after the opening of the BCS in
January 2016. The primary objectives of the current study were to
characterize the physical, optical, and biogeochemical properties of
coastal waters; and quantify phytoplankton and zooplankton abundance
and composition. A vast array of measurements and model results were
utilized to address these two objectives, including a combination of in
situ, remote sensing and ocean modeling technologies. A three-day field
cruise collected data throughout the western Mississippi Bight that
Fig. 1. Map of the Mississippi Bight with the
cruise track, stations, and minor (thinner
blue lines) and major (bold blue lines) rivers.
Gray bathymetric contours are spaced every
20 m. Station colors represent different re
gion designation. NOAA weather station
PILL1 (black square) is at the end of the
Mississippi River Birdfoot Delta. The red
lines connecting the Mississippi River with
Lake Pontchartrain Estuary shows the bor
ders of the Bonnet Carr�e Spillway (BCS).
Local rivers are numbered as follows: (1)
Pearl, (2) Jordan, (3) Wolf, (4) Pascagoula,
and (5) Mobile rivers. The inset map of the
continental US shows the highlighted wa
tersheds for the Mississippi River (green
outline), and Mobile Bay (blue), the Mis
sissippi Bight (purple) and with filled red
contours of accumulated precipitation for
December 2015 (mm, see color bar to the
left). The yellow and gray contour represent
country and state borders, respectively. (For
interpretation of the references to color in
this figure legend, the reader is referred to
the Web version of this article.)
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included hydrographic and biological sampling, optics, and water
chemistry. Remote sensing products helped track the progression of the
BCS waters. Physical oceanographic conditions were simulated using a
high-resolution hindcast model of the Mississippi Bight following the
BCS opening.

and after a three-day (February 10–12, 2016) cruise on the research
vessel (R/V) Point Sur. The cruise tracked the spatial distribution of the
Mississippi Bight waters using continuous measurements of the nearsurface conditions with a ship flow-through system (Fig. 1). Sampling
stations were determined adaptively, measuring hydrography, optics,
water chemistry, and biology with an integrated optics package, a
rosette of 12 L Niskin bottles, a trace metal clean sampling system (acidcleaned polyethylene bottle attached to a metal-free submerged rod),
and a bongo net sampling system. A mooring array located near the MSR
Birdfoot Delta (Fig. 1) measured current profiles before, during, and
after the BCS opening. Satellite ocean color imagery described the sur
face conditions before, during, and after the cruise. Additionally, a highresolution circulation model was used to examine the impact of buoyant
freshwater plumes on the circulation in the Bight.

2. Data and methods
2.1. Study area
The Mississippi Bight (Fig. 1) is a pulsed river-dominated ecosystem
located in the northern Gulf of Mexico shelf, east of the MSR Delta. The
Mississippi Bight is affected by three main freshwater sources: the MSR,
local rivers from Alabama and Mississippi, and the intermittent opening
of the BCS via the Lake Pontchartrain Estuary (Fig. 1; Dortch et al.
2007), which provides an alternative pathway for MSR waters.
The MSR system is the dominant source of freshwater input into the
Mississippi Bight, with a watershed draining approximately 41% of the
continental United States (US; Fig. 1). The mean discharge from the MSR
is ~17,000 m3 s 1, of which 70% traverses through the MSR Birdfoot
Delta and the remaining 30% through the Atchafalaya River (Walker
et al. 2005). While most of this freshwater is discharged onto the Loui
siana shelf (westward), seasonal wind shifts to northward during the
summer can push the river plume eastward into the Mississippi Bight
(Morey et al. 2003; Schiller et al. 2011).
The local rivers east of the MSR Delta are dominated by the Mobile
Bay discharge, which is the second largest freshwater source (~1700 m3
s 1) into the Gulf of Mexico after the Mississippi-Atchafalaya River
System and ranks 5th among rivers in the United States (Dzwonkowski
et al. 2011). Other local rivers flowing into the Mississippi Bight include
the Pascagoula, Pearl, Jourdan, and Wolf rivers (Fig. 1).
The Mississippi Bight is subject to intense freshwater inflows during
the spring freshet, intermittent tropical storms in the summer, and a
drier season in late autumn to early winter. The spatial and temporal
hydrographic variability in this system is driven primarily by winds and
freshwater discharges (Stumpf et al. 1993; Walker et al. 2005), and, to a
lesser extent, differential heating and cooling of surface waters (Schiller
et al., 2011). Tides are microtidal in scale (mean tidal range is 30 cm)
and are relatively weak in this region (Walker et al. 2005). Seasonal
winds present two main patterns with relatively strong southward winds
from passing cold fronts primarily in winter and spring, while summer
and fall are relatively calm with weaker northward winds. Thus, circu
lation processes of the MSR plume and inner shelf waters are primarily
driven by the seasonality of wind patterns (Walker et al. 2005; Cam
bazoglu et al. 2017). Circulation within this system is regulated by
stratification that promotes wind-driven coastal Ekman transport
(Dzwonkowski et al. 2011). These physical interactions are important
for generating wind- and buoyancy-driven flows that ultimately influ
ence the structure of regional food webs.

2.3.1. Bonnet Carr�e Spillway discharges
The US Army Corps of Engineers (USACE) operates the BCS under
flood conditions to maintain the MSR at New Orleans below the levees’
design flow rate of 35,400 m3 s 1. The Spillway is composed of 350
floodgates that are opened as needed, with a design discharge capacity
of 7080 m3 s 1. Discharge is estimated daily, based on the number of
opened gates and stage of the river at the spillway. Discharge rates for
the different BCS openings were obtained from a variety of sources, as
described in Table 1. The Spillway has opened 14 times since it was built
in 1931 (as of August 2019) between January and July (Fig. 2 and
Table 1). The discharge volumes for each opening have totaled between
2.1 and 30.1 km3 with openings lasting between 13 (in 1975) and 79
days (second opening in 2019; USACE 2019). The BCS has been opened
on average every 6 years; however, it has opened four times between
2016 and 2019, for the first time in consecutive years between 2018 and

Table 1
Bonnet Carr�e Spillway opening dates, duration, percent of bays opened, esti
mated total discharge from U.S. Army Corps of Engineers (USACE), and the
percent volume of the total BCS discharge relative to Lake Pontchartrain Estuary
total volume. Average total discharge for a BCS opening was 14.7 km3 across all
openings.
Year

Open and
Close Dates
(duration in
days)

% Bays
Opened

Estimated
Total
Discharge
(km3)

Lake
Volume
Percentage

Data Source

1937

Jan 28 - Mar
16 (48)

81%

15.2

238%

1945

Mar 23 - May
18 (57)
Feb 10 - Mar
19 (38)
Apr 8 - Jun
21 (75)
Apr 14 - Apr
26 (13)
Apr 17 - May
31 (45)
May 20 - Jun
23 (35)
Mar 17 - Apr
17 (32)
Apr 11 - May
8 (28)
May 9 - Jun
20 (43)
Jan 10 - Feb
1 (23)
Mar 8 - Mar
30 (23)
Feb 27 - Apr
11 (44)
May 10 - Jul
27 (79)

100%

30.1

470%

100%

13.4

209%

100%

23.5

367%

64%

2.11

33%

100%

13.9

217%

100%

15.2

238%

85%

11.7

183%

46%

7.5

117%

94%

21.9

342%

60%

6.9

107%

52%

5.8

91%

59%

15.1

236%

48%

23.0

360%

War
Department
(1937)
USACE
(1945)
USACE
(1950)
USACE
(1974)
USACE
(1975)
USACE
(1980)
USACE
(1984)
Perret et al.
(1997)
USACE
(2019)
USACE
(2019)
USACE
(2019)
USACE
(2019)
USACE
(2019)
USACE
(2019)

1950
1973
1975

2.2. Strategy

1979

Scientists led an interdisciplinary research effort to address key
ecological and biogeochemical questions regarding the impact of a large
freshwater plume within the Mississippi Bight during this unusual
wintertime opening event. This effort was led by the CONsortium for oil
spill exposure pathways in COastal River-Dominated Ecosystems
(CONCORDE), a Gulf of Mexico Research Initiative (GoMRI) consortium
aimed at describing fine scale ecosystem processes in river-dominated
shelf waters (Greer et al. 2018).

1983
1997
2008
2011
2016
2018

2.3. Multidisciplinary datasets and analysis

2019

To characterize the physical, bio-optical, and biogeochemical
structure of the Mississippi Bight, a combination of in situ, remote
sensing and ocean modeling technologies were deployed before, during

2019
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Fig. 2. Caption: Bonnet Carr�e Spillway (BCS) discharges. (a) The total daily discharge rates in km3 d 1 (left y-axis) and percent of Lake Pontchartrain Estuary volume
(right y-axis, lake volume of 6.4 km3) of each spillway opening (see color bar for respective year) in their respective time of year. (b) The cumulative discharge (left yaxis) and cumulative lake volume (right y-axis) of each spillway opening in their respective time of year. The opening of 2016 is displayed in bold blueish-purple.
Data obtained from US Army Corps of Engineers (USACE). More details regarding the different BCS openings available in Table 1. (c) Alabama River discharges as
measured at Montgomery, AL for 2007 to 2018 from January through August. (d) Mississippi River discharge as measured at Baton Rouge for 2007–2019 from
January through August, with the dashed black line representing the discharge that triggers a BCS opening (35,400 m3 s 1). The colored lines in (c) and (d) match the
colors for the 2008, 2011, 2016 and 2018 BCS openings in a) and b). The gray lines represent the other years. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

2019, and for the first time twice in one year in 2019. The diverted
waters flow through a 4.1 km wide and nearly 8.7 km long floodway
before reaching Lake Pontchartrain Estuary (Fig. 1). Lake Pontchartrain
Estuary has an estimated volume of 6.4 km3 and is connected to the Gulf
of Mexico through Lake Borgne Estuary (Fig. 1; Turner et al. 2004).

Sound). Near-surface (1–3 m) seawater samples for dissolved oxygen
(DO), inorganic nutrients, chlorophyll-a (chl-a), and phytoplankton
image analysis were taken with 12 L Niskin bottles mounted on a CTD
rosette.
2.3.4. Biogeochemistry and trace metal data
The waters from the MSR diverted through the BCS can be tracked
through their chemical signature relative to local river sources. Differ
entiation of water sources was accomplished through examining a suite
of tracers, in particular, isotopic oxygen composition (δ18O), and trace
elements such as barium (Ba) and cesium (Cs). Isotopic oxygen
composition represents the ultimate tracer for the origin of a freshwater
source because it is part of the water itself (Wagner and Slowey, 2011).
Barium is also commonly used as a freshwater tracer in the coastal ocean
(Joung and Shiller 2014; Guay and Falkner 1997), and can be used to
differentiate between different river sources depending on the relative
occurrence of carbonate within the watersheds (Dalai et al. 2002).
Oceanic concentrations of δ18O (1.1‰; Wagner and Slowey, 2011), Ba
(62 nM; Joung and Shiller 2013), and Cs (2.2 nM; Ho et al. 2019) differ
from those of the MSR and local rivers (Hanor and Chan 1977; Joung
and Shiller 2013), thus allowing the differentiation between the
different water sources.
Surface (~0 m) water samples were collected at all stations using a

2.3.2. River discharges
In order to compare the relative discharges and flooding stage of
local rivers and the MSR, we used the Alabama River as representative of
local rivers (Dzwonkowski et al. 2018b). The river discharges were
downloaded from US Geological Survey (USGS) National Water Infor
mation System (https://waterdata.usgs.gov/nwis/sw). The MSR
discharge at Baton Rouge, LA and the Alabama River discharge at
Montgomery, AL from January to July are presented in Fig. 2c and d for
the period 2007–2019 for comparison with relevant BCS openings and
discharges.
2.3.3. CTD casts
Conductivity-temperature-depth (CTD) casts were performed from
near-surface (1–2 m deep) to near-bottom (within 1–3 m from the bot
tom). Depths ranged from <10 m within the Mississippi Sound to >60 m
at the Mooring Array near the shelf slope (Fig. 1). CTD casts were per
formed at all stations except S2 (the southernmost station in Chandeleur
4
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trace metal clean system consisting of a polyvinyl chloride (PVC) pole
fitted with a Plexiglas bottle holder using narrow Tygon® tubing to
capture the undisturbed surface thin layer of riverine freshwater (Shim
et al. 2012; Joung and Shiller 2013). Additionally, riverine freshwater
samples were collected using the same PVC pole during five field trips to
the MSR and local rivers (Pascagoula, Mobile, Pearl, Jourdan, and Wolf
rivers) conducted between October 2015 and June 2016. Both river and
cruise samples were filtered immediately through 0.45 μm pore size
polyethylene syringe filters. The samples for Cs and Ba analysis were
acidified to a pH of 2 and stored for analysis in the laboratory.
Approximately 100 mL of the filtrate was stored in pre-cleaned 125 mL
amber polyethylene bottles and frozen for future analysis of dissolved
inorganic nutrient concentrations (dissolved inorganic nitrogen (DIN)
and phosphate, PO34 ) in the laboratory.
The Ba and Cs concentrations were analyzed with a high-resolution
inductively-coupled plasma mass spectrometer. Barium concentrations
were determined following an isotope dilution method (Joung and
Shiller, 2014) and Cs concentrations by standard additions to a seawater
sample (Shim et al. 2012). Dissolved inorganic nutrients were examined
colorimetrically using a Skalar autoanalyzer (Liefer et al. 2013, 2014).
Oxygen isotope δ18O concentrations were determined using isotope
ratio infrared spectroscopy (Picarro Inc.) following van Geldern and
Barth (2012). More information on δ18O data can be found in Sanial
et al. (2019).
A simple mixing model was applied to salinity and δ18O to estimate
the concentrations of MSR waters throughout the sounds and shelf
(Sanial et al. 2019). Briefly, a set of two linear equations describing the
mixing between seawater, MSR waters, and local AL/MS river waters
were used with the additional constraint that the sum of the contribution
of these three different sources of water is equal to unity. The MSR
fraction represents the fraction of MSR waters to the total freshwater (i.
e., fractions of local river waters plus MSR waters). We estimated the
MSR fraction only for stations with salinity <33 psμ because of increased
uncertainties at higher salinities; therefore, it was not calculated at
station S5. Differences in local river waters were not distinguished by
their δ18O signature because of the similar latitude of origin of water
feeding the local rivers and similar topographies.

opening of each net estimated the volume of filtered water. All samples
were immediately preserved in 95% ethanol at sea and analyzed in the
laboratory. Aliquots from each sample were taken following the method
by Harris et al. (2000). Only zooplankton collected with the 333
μm-mesh net were analyzed for this study. For each sample aliquot, the
zooplankton were enumerated and classified into 19 taxonomic cate
gories. Zooplankton abundances were standardized by aliquot and
filtered volumes to yield estimates of taxon-specific concentrations (in
dividuals m 3).
Several statistical techniques were used to describe the changes in
abundance of plankton throughout the study area. Stations with
plankton samples were first divided up into three different geographical
areas, including the Chandeleur Sound, Mobile Bay, and Mooring Array.
Cluster analysis (SIMPROF, explained below) and principal component
analysis (PCA) were used to examine the similarities between stations
based on community structure of plankton and physico-chemical vari
ables. The PCA biplot visualized the relationships between station
physical and chemical oceanographic data and microplankton bio
volumes. Only stations with complete data (except S3 and C1) for
microplankton and biogeochemistry were used in the PCA, which was
implemented in R (v3.5.1) and visualized using the R package ggbiplot
(Vu 2011).
To test for potential spatial structure in zooplankton community
composition, a cluster analysis (group average) was performed
including abundances of 19 different zooplankton taxa. Abundance data
were fourth-root transformed, from which similarity matrices were
constructed using the Bray-Curtis similarity index. A similarity profile
(SIMPROF, 1000 permutations, α ¼ 0.05) was used to identify homo
geneous clusters. An analysis of similarity (ANOSIM) was then per
formed to test for significant differences in zooplankton composition
among clusters identified by the SIMPROF. A Similarity Percentage
(SIMPER) analysis was then used to determine the contribution of each
zooplankton taxa (%) to the total dissimilarity in community structure
between clusters. These analyses were performed in Primer v6. In
addition, differences in zooplankton concentration among different re
gions were tested for significance (ɑ ¼ 0.05) by Kruskal-Wallis H test,
and post-hoc pairwise comparisons. Kristal-Wallis test is a nonparametric method to assess the significant differences between
different samples. The H test is significant when it exceeds the critical
chi-square value, estimated from the degrees of freedom (df) and
probability value (p).

2.3.5. Plankton data
Near-surface water samples for chl-a and microplankton community
composition were obtained from the Niskin bottles. Chl-a was deter
mined following the method described by Welschmeyer (1994) and was
analyzed on a Turner 10-AU fluorometer after the cruise. Aliquots (1 L)
for microplankton imaging analysis were filtered through a 202 μm sieve
prior to imaging.
FlowCAM® was used to image microplankton (<200 μm) size classes
for community composition and particle concentration (particles L 1)
�
(Sieracki et al. 1998; Alvarez
et al. 2014). Particles within 5.0 mL
unconcentrated natural samples were imaged through a 10� objective
and 100 μm flow cell using ‘trigger mode’ to image particles that contain
photosynthetic pigments. Imaged particles were classified into four
broad taxonomic categories: dinoflagellates, diatoms, other (chlor
ophytes, cryptophytes, and nanoflagellates, microzooplankton), and
unidentified particles, which includes detrital material, plankton frag
ments (e.g. diatom frustules, crustacean appendages). Microplankton
cell volume (i.e., biovolume) estimates were recorded by the FlowCAM
using the area-based geometry (i.e. cylinder for diatoms, prolate
spheroid for all other groups excluding unidentified particles) for each
cell. Biovolumes provided a metric for the distribution of cell size classes
and contribution to microplankton community composition, particu
larly for chain diatoms (Hillebrand et al. 1999).
Zooplankton was collected using a paired bongo net (60 cm in
diameter) fitted with 202 μm and 333 μm mesh nets. Sampling took
place at all stations except S3, S5, S6, C2, C4, and BC (Fig. 1). The paired
bongo net was towed just below the water surface (~1 m) for a duration
of 10 min at each station. Mechanical flowmeters attached to the

2.3.6. Bio-optical data
Underway bio-optical data were collected to understand the effects
of freshwater on the water clarity, particle concentration, and biological
productivity in the region. Throughout the cruise, salinity, temperature,
absorption, and attenuation were continuously collected from nearsurface waters (~2 m) using the ship’s flow-through system. The SeaBird spectral absorption and attenuation (ac-s) sensor measured total
spectral absorption coefficient, at(λ), and beam attenuation coefficient,
ct ðλÞ, for 390–700 nm wavelengths. The ac-s flow-through setup fol
lowed the protocol outlined by National Oceanic and Atmospheric
Administration (NOAA) Technical Report NESDIS 146 (Ondrusek and
Lance 2015). To ensure stability and reliability, the ac-s instrument was
placed in a temperature-stabilized water bath to dissipate the heat
generated by the instruments and maintain an instrument constant
temperature. The ac-s was interfaced with a WETLabs® DH4 data logger
with additional input from the vessel’s flow-through dynamic posi
tioning system, Sea-bird CTD, and fluorometer.
The ac-s instrument was calibrated prior to and after the cruise. Post
processing of the ac-s data followed the methods defined by the WET
Labs protocols (WETLabs, 2011). First, the ac-s data were merged and
binned at 1 s intervals with CTD data using WETLabs Archive Processing
Software. Water absorption corrections for temperature and salinity
were applied using the ship’s flow-through data following techniques
outlined by Pegau et al. (1997). The proportional scatter correction was
5
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€ttgers et al. 2013).
also applied to the ac-s data (Ro
As a proxy for chl-a absorption and concentration, the absorption
line height was calculated (ALH) following Roesler and Barnard (2013)
by using the red peak of phytoplankton absorption near 676 nm. ALH
was converted to chl-a units by direct comparison with discrete chl-a
samples collected during the cruise (y ¼ 0.93x - 0.12; r2 ¼ 0.85). The
logarithmic absorption slope (400–450 nm) was used as a proxy for
colored dissolved organic matter (CDOM) and detrital material. The
ratio between ALH and spectral slope was used to determine regions
where either CDOM or chl-a dominated the waters. The scattering co
efficient at 685 nm (ct ½685� at ½685�) was used as a proxy for high
sediment waters.

(2012). February chl-a data were averaged over a 15-year period
ranging from 2003 to 2017 to obtain the monthly climatology. This
February climatology was then used to extract anomaly fields within the
Mississippi Bight by subtracting the 15-year mean from the monthly
means. Although a 15-year mean was used to create anomalies, we only
show results from the last 9 years.
The spatial extent of surface bio-optical properties and freshwater
discharge during the BCS opening and three-day research cruise was
determined using satellite-derived particle backscattering at 551 nm
(m 1) from the Visual Infrared Imaging Radiometer Suite (VIIRS). It was
obtained from the NOAA Comprehensive Large Array-data Stewardship
System (CLASS) website (http://www.class.ngdc.noaa.gov/) and pro
cessed to Level 3 at 750m resolution using the Naval Research Labo
ratory’s N2gen code based on NASA’s L2gen software (Werdell et al.
2013) and standard atmospheric correction (Gordon and Wang, 1994).
Standard flags were used to mask contamination from land, clouds, sun
glint, and other potential disturbances to the radiance signal. Particle
backscattering was derived using the Quasi-Analytical Algorithm (QAA,
Lee et al. 2002, 2014). Useful remote sensing imagery of backscattering
was available for 12 nonconsecutive days after the BCS opening in
January 10 until the research cruise ended in February 12. Cloud cover
or glare restricted use of the other days. High values indicate higher
concentrations of suspended sediments/particles.

2.3.7. Mooring array data
The current patterns on the shelf near the MSR Delta between
January and February 2016 were characterized by a set of five bottom
moorings (C1–C5 in Fig. 1). Five upward-facing RD Instruments Work
horse acoustic Doppler current profilers (ADCPs) were moored ~21 km
east of the MSR Delta (C1–C5 in Fig. 1; Parra et al. 2019). The deploy
ment spanned from November 2, 2015 through April 13, 2016 using the
trawl-resistant Barny Sentinel design (Perkins et al. 2000) for protection
from extensive fishing and commercial boating activities of this region.
Details pertaining to the instrument setup, deployment sites, and quality
control of the data are found in Parra et al. (2019).
Current variability at the C1–C5 mooring locations (Fig. 1) was
studied using an empirical orthogonal function (EOF) analysis. This
technique extracts spatiotemporal patterns from the time series at
multiple spatial points and separates that variability into orthogonal
functions or modes (Emery and Thomson 2001). In other words, it can
extract the main spatial patterns in the study region and describes in
tensity changes of the patterns over time. Each mode consists of a spatial
structure and a representative temporal variability that represents a
percent of the total variance observed, where the first few modes explain
most of the variance. For example, mode 1 represents the spatial
structure with the largest variability in the time series. Subsequent
modes represent progressively smaller variability in the signal.

2.3.11. Hydrodynamic modeling
Two numerical models were used before, during, and after the cruise.
Results from an hourly 1-km regional application of the Navy Coastal
Ocean Model for Gulf of Mexico (NCOM-GOM; Jacobs et al. 2016) were
initially used for cruise planning activities. Predicted water tempera
ture, salinity, and currents were provided to the scientific crew of the
research vessel on a daily basis. The model data were supplemented with
the latest observed ocean color satellite data. The NCOM-GOM domain
covered Lake Pontchartrain Estuary and incorporated the BCS opening
in model simulations using actual daily discharge rates as reported by
the USACE. The atmospheric forcing originated from the hourly ~17 km
operational Coupled Ocean-Atmosphere Mesoscale Prediction System
(COAMPS) and the tidal boundary conditions were generated from the
global Oregon State University Tidal Inversion Software solution (OTIS)
(Barron et al. 2006).
A higher spatial resolution (400-m) COAWST-based (Coupled Ocean
Atmosphere Wave Sediment Transport modeling system; Warner et al.
2010) modeling framework was developed as the CONCORDE project’s
Synthesis model (Greer et al. 2018). The CONCORDE Synthesis model
implemented the ocean circulation component by using the Regional
Ocean Modeling System (ROMS; Shchepetkin and McWilliams, 2005;
Haidvogel et al. 2008) as the modeling framework. The CONCORDE
Synthesis model had 24 terrain-following vertical layers in the vertical.
The atmospheric forcing was improved by using a higher spatial (~1
km) resolution product called the CONCORDE Meteorological Analysis
(CMA; Fitzpatrick and Lau, 2018), which resolves mesoscale features as
well as diurnal processes critical for capturing ocean dynamics near the
ocean-land interface. The initial condition and lateral boundary forcing
data, including tidal forcing, were obtained from NCOM-GOM.
Observed river discharge from USGS data were used as river forcing.
The western open boundary of the CONCORDE synthesis model is in the
eastern side of Lake Pontchartrain Estuary. It received its open boundary
forcing from NCOM-GOM output, including higher water levels in Lake
Pontchartrain Estuary due to the BCS opening, which introduces the
freshwater from Lake Pontchartrain Estuary into the western Mississippi
Sound (Fig. 1). The open boundary forcing in Lake Pontchartrain Estu
ary was also corrected and enhanced by incorporating salinity mea
surements reported by the Lake Pontchartrain Basin Foundation (https
://saveourlake.org/lpbf-programs/coastal/hydrocoast-maps/salinity/;
Lopez et al. 2015). The CONCORDE synthesis model provides hourly
salinity, temperature, and velocities before, during, and after the BCS
opening (January 10-February 1, 2016) and the cruise (February 10–12,

2.3.8. Wind observations
Hourly wind time series was obtained from the NOAA National Data
Buoy Center Coastal-Marine Automated Network station PILL1 located
on the southern edge of the MSR Delta (29.179� N, 89.259� W) (see
Fig. 1). These hourly winds, measured at 9.5 m above sea level, were
used in conjunction with the Mooring Array’s current profiles to analyze
the circulation.
2.3.9. Satellite-gauge precipitation
Accumulated precipitation estimates over the MSR and Mobile Bay
watersheds were obtained for December 2015 from National Aero
nautics and Space Administration’s (NASA) Integrated Multi-satellite
Retrievals for Global Precipitation Measurements, version 5, monthly
Level 3 with 0.1� resolution (Huffman 2017). The precipitation esti
mates were plotted over the MSR and Mobile Bay watersheds for
context, with watershed outlines obtained from USGS Elevation De
rivatives for National Application Watershed Atlas (https://edna.usgs.
gov/watersheds/kml_index.htm).
2.3.10. Ocean color satellite data
Ocean color satellite imagery provides a synoptic view of the region’s
surface conditions, setting the stage for the higher resolution measure
ments collected during the cruise. Satellite-derived chl-a estimates (mg
m 3) were obtained from the Moderate-Resolution Imaging Spectror
adiometer (MODIS) onboard the Aqua satellite. The quality controlled
MODIS-Aqua Level-3 chl-a monthly means and climatology were ob
tained from the NASA-Ocean Biology Processing Group website at 4-km
spatial resolution. Chl-a is derived using a combination of the OC3 al
gorithm from O’Reilly et al. (1998) and the color index from Hu et al.
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2016). Nothing is passed from the CONCORDE model to the NCOM
model. The CONCORDE model was created to generate higher resolu
tion results in our area of interest and to embed an ecosystem model (not
utilized in this work; Greer et al. 2018).
The CONCORDE Synthesis model was used to simulate drifter tra
jectories within the Mississippi Sound and Bight representing the
advection and transport of different estuarine water masses after the
opening of the spillway. Neutrally buoyant simulated drifters were
periodically released at chosen locations. They were advected within the
model code (not post-processed with saved velocities) at every model
time step using the three dimensional advective velocity of the model (at
the time and position of the tracer particle) plus a vertical diffusion term
which was included by adding a random walk in the vertical direction
(Hunter et al. 1993; Visser, 1997). Simulated drifter groups were
released in multiple vertical layers every 10 days for seven months
starting in mid-October 2015 and covering the spillway opening time
frame from two different locations: at the mouth of Mobile Bay (8
simulated drifters) and inside Lake Pontchartrain Estuary (5 simulated
drifters). For the Mobile Bay simulated drifters, four were released just
north of the inlet and another four just south of the inlet.
To understand the effects of the BCS opening in the advection and
transport of river water into the Mississippi Bight, the CONCORDE
Synthesis model was run under two different conditions: with and
without the BCS discharge. In these twin experiments, the western open
boundary forcing at Lake Pontchartrain Estuary was the only difference,
with all other conditions such as atmospheric forcing, southern open
boundary condition, river forcing, etc. remaining the same. Particles
were released as above (both before and after the spillway opening) for
both scenarios.

3. Results
3.1. Bonnet Carr�e Spillway opening in January 2016
The 2016 opening spanned January 10 through February 1 (23
days). At its peak, 210 open gates resulted in a maximum discharge of
0.5 km3 d 1, nearly 7% of the Lake Pontchartrain Estuary volume. The
cumulative discharge volume of the entire 2016 opening was 6.9 km3,
representing 107% of the total volume of Lake Pontchartrain Estuary.
Relative to other BCS openings, this was the third lowest cumulative
discharge, ahead of 1975 and 2018, and the earliest opening as of the
end of 2019.
Remote sensing optical backscatter indicated that the BCS plume
hugged the southern coast of Lake Pontchartrain Estuary, and remained
confined within the lake until after January 19 (Fig. 3). Winds to the
south and west during those first nine days kept the plume within the
lake. By January 29, the plume had expanded into Lake Borgne Estuary
and the sounds, forced by an eastward wind. The relatively strong winds
of February 4–5 mixed the plume and diluted its backscattering signal in
the estuarine lakes and sounds. The plume finally expanded throughout
Lake Pontchartrain Estuary on February 11–12 driven by northeastward
winds that also pushed the plume remnants out to Lake Borgne Estuary
and the Chandeleur Sound.
3.2. Context of the 2016 BCS opening
Fig. 4 shows the monthly chl-a anomalies for February from 2008 to
2016 relative to a 15 year monthly mean of February spanning from
2003 to 2017. In general, February anomalies tended to be negative or
near zero (e.g., 2008, 2009, 2012, 2014, 2015). Two main exceptions
include instances when the MSR intruded eastward (2011) and with
strongly elevated anomalies in the Mobile Bay region and coastal waters
(2010, 2013, 2016). February 2016 stands out as extremely anomalous

Fig. 3. Tracking the BCS plume with VIIRS satellite-derived particle backscattering at 551 nm in Lake Pontchartrain Estuary. Black vector represents mean wind
speed and magnitude on remote sensing day. Blue lines represent rivers and red lines delineate the BCS spillway connecting MSR and Lake Pontchartrain Estuary
(Fig. 1). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. MODIS-Aqua chl-a anomalies (mg m 3) for February from 2003 to 2016. Blue colors represent lower and yellow higher chl-a values with respect to a 15-year
chl-a climatology for February. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Contours of optical backscattering at 551 nm (m 1) at the surface, representing regions of freshwater plumes. Each subplot is a day of the cruise with the
corresponding stations performed on that day as black dots. The black contour delineates the region of freshwater influence (using a value of 0.3 m 1). Rivers are
outlined in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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in comparison to the other eight years. Chl-a values were more than 2
mg m 3 higher than the 15-year monthly mean for most of the sounds
and Mississippi Bight up to the 1000 m isobath. The largest (<3 mg m 3)
chl-a anomalies of 2016 were found in the northwest corner of the map
(Lake Borgne Estuary) and south of the MSR Delta.
During the cruise, the extent of the freshwater plume showed some
variability due to the complex dynamics of this coastal region (Fig. 5).
Overall, freshwater plumes appeared to influence the Mississippi and
Chandeleur Sounds the most. The Mobile Bay plume was transported
westward on February 10, flowing into the western Mississippi Bight,
and then eastward on February 11. Similarly, the MSR plume through
the MSR Delta was confined near the coast on February 10 and expanded
eastward on February 11 and 12. On February 11, a filament of high
optical backscattering appeared to exit Lake Pontchartrain Estuary into
the Chandeleur Sound, likely BCS waters. Freshwater entered the Mis
sissippi Bight through various inlets between the barrier islands along
the northern boundary and from south of the Chandeleur barrier islands
with the eastward trajectory of the MSR plume. February 12 resulted in
the largest extent of freshwater influence within the Mississippi Bight.
It is within this dynamic context that the stations were visited during
the three-day cruise. In particular, note that station S3 located in the
northwestern corner of the Mississippi Bight was visited on February 12
as the BCS waters spread eastward, while the nearby stations were
sampled on February 10. Also note, the two stations outside Mobile Bay
(MB1 and MB2 from Fig. 1) were taken on either side of a Mobile Bay
plume front (Fig. 5).

overlapped each other across the TS diagram (except S1 and S2R within
the Chandeleur Sound). These relatively shallow waters were colder but
similarly salty relative to the surface layer at the Mooring Array. They
were also fresher than the deeper waters at the Mooring Array but within
a similar temperature range. The colder inshore waters resulted from
heat loss during the passage of a cold front on February 8–9 (Fig. 7e).
The freshest and coldest waters at S1 and S2R were from the shallowest
areas, closest to the freshwater inputs within the Sound.
3.4. Mooring array circulation
Mean currents near the MSR Delta (stations C1–C5 in Fig. 1b) be
tween January 15 and February 15 were unidirectional, relatively weak
(<0.3 m s 1), and oriented to the north-northeast (toward the shelf)
with surface currents nearly twice as strong as bottom currents and
stronger surface currents at the shallower locations (C1 and C4) than the
deeper sites (C3; Fig. 7a). The main variability (70% of the variance) of
the currents during this period is represented by mode 1 (Fig. 7b). Mode
1 currents are unidirectional and oriented similar to the mean currents.
These currents are modified by the amplitudes (Fig. 7d), where positive
amplitudes reinforce the mean current patterns. Two days before the
cruise a cold front generated relatively strong (~10 m s 1) southeast
ward winds (Fig. 7e), lowering coastal water levels (setdown). The
resulting coastal low surface pressure generated northeastward currents
(>0.7 m s 1) in response to the geostrophic balance between the pres
sure gradient and the Coriolis acceleration. This current transported the
MSR plume toward the Mississippi Bight, as confirmed by optical
backscattering on February 10–12 (Fig. 5). However, strong winds also
result in vertical mixing of the surface layers.
Mode 2 represents the plume behavior (accounts for 8% of the total
variance), showing a two layer, vertically-sheared flow with surface
layer currents oriented nearly 180� out of phase from the bottom layer
(Fig. 7c). Positive mode 2 amplitudes represent surface currents oriented
toward the shelf similarly to the mean and mode 1. The strongest pos
itive mode 2 amplitudes occurred during the cruise, when CTD casts
indeed measured a stratified water column with fresher surface waters
from the MSR (Fig. 6). Instances of zero mode 2 amplitudes appear to
coincide with negative mode 1 amplitudes, when currents were oriented
away from the shelf (e.g., January 15–22 and January 27-February 6) as
a result of relatively weaker winds (~5 m s 1) and transported wellmixed shelf waters.

3.3. Temperature and salinity distribution
The CTD casts taken throughout the western Mississippi Bight pre
sented temperatures and salinities ranging from 11� to 23 � C, and 19 to
37 psμ, respectively (Fig. 6). The measurements at the Mooring Array
(blue; see Fig. 1 for station locations) showed two distinct water masses:
saltier warmer waters (higher density) below fresher cooler waters
(lower density) consistent with the presence of a freshwater plume based
on the optical backscattering on February 11 (Fig. 5). The Mooring Array
salinities and temperatures were distinctly different from the areas
closer to shore. The Inner Shelf (green), Chandeleur Sound (aqua), and
Mobile Bay (red) stations had temperatures and salinities that

3.5. Model results
The CONCORDE synthesis model allowed us to investigate the
advection and transport of MSR-sourced BCS waters entering the Mis
sissippi Bight from Lake Pontchartrain Estuary after January 10.
Fig. 8d–f shows the modeled daily surface salinity fields with surface
currents during the cruise period. BCS waters began flowing out of Lake
Pontchartrain Estuary on January 16 and kept spreading eastward and
southward through the research cruise days, as observed with the optical
backscattering (Fig. 5). The MSR and Mobile Bay plumes also spread into
the Mississippi Bight, northeastward and southward, respectively, most
clearly depicted on January 30 (Fig. 8c) and February 11 (Fig. 8e).
Model simulations showed an eastward expansion and dilution of
freshwater from Lake Pontchartrain Estuary into the Chandeleur and
Mississippi Sounds during the three-day cruise.
Model simulations tracked the movement of surface waters through
neutrally buoyant simulated drifters, initiated in Lake Pontchartrain
Estuary and Mobile Bay inlet (Fig. 9). Simulated drifters released at the
start of the BCS opening on January 11 show that Lake Pontchartrain
Estuary waters traveled into Mississippi Sound as well as into Chande
leur Sound hugging the western coast and entering Mississippi Bight
after 30 days (Fig. 9c). At the same time, Mobile Bay waters traveled
west mainly along the northern coast of Mississippi Bight and entered
the Chandeleur Sound 15 days after the Spillway opening (Fig. 9g).

Fig. 6. Temperature-salinity diagram color coded with respect to different
measurement areas (see Fig. 1): Mooring Array (blue), Inner Shelf (green),
Chandeleur Sound (aqua), and Mobile Bay (red) areas. Black numbered contour
lines represent density anomalies (kg m 3). (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 7. Currents at the Mixing Array stations (C1–C5). (a) Mean current profiles from January 15 through February 15, 2016. Empirical orthogonal function (EOF)
spatial patterns of modes (b) 1 and (c) 2 at all the moorings for the period January 15-February 15, 2016. (d) EOF temporal amplitude time series for modes 1 and 2.
(e) Wind vectors (blue) and magnitude (black) in oceanographic convention (vectors pointed in the direction the wind is going) at the PILL1 station located on the
MSR Delta (see Fig. 1 for location). Green box in (d) and (e) represents cruise period. The gray contours in (a)–(c) show the bathymetry as numbered in (a). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

As simulated drifter release dates change, their trajectories also
varied. Simulated drifters released from Lake Pontchartrain Estuary 10
days after the opening (January 21) traveled farther in Mississippi
Sound towards Mobile Bay (Fig. 9d) while the simulated drifters
released from Mobile Bay could not reach Chandeleur Sound (Fig. 9i).
The eastward spread of Lake Pontchartrain Estuary simulated drifters
was reduced after January 31 with every 10 day delay in simulated
drifter release (Fig. 9e and f), as a result of a reduction of the BCS flow
and subsequent decrease in sea surface height (SSH). Simulated drifters
released from Mobile Bay increased their extent into Western Mississippi
Sound, remaining closer to shore around the barrier islands while
entering Mississippi Sound (Fig. 9i). Mobile Bay simulated drifters
released on February 10 showed dramatically different paths due to
shifting winds, largely remaining east of Mobile Bay and extending
across the shelf (Fig. 9j).
Twin experiments were conducted based on two scenarios with and
without the opening of the BCS discharge. The open BCS scenario

resulted in an averaged SSH of 40 cm higher across the Lake Pontch
artrain Estuary open boundary. Simulated drifters with the open BCS
scenario managed to quickly exit Lake Borgne Estuary (driven by the
higher SSH within Lake Pontchartrain Estuary), spread through Chan
deleur Sound and enter the northwestern corner of the Mississippi Bight
(Fig. 9c and d). The simulated drifters in the simulation with closed BCS
remained within estuarine lakes Pontchartrain and Borgne, hardly
entering the western Mississippi Sound.
3.6. BCS water chemical signature and identification
The MSR waters and local river sources had differing chemical sig
natures. MSR waters presented a much lighter δ18O isotopic signature
( 6.6‰) relative to AL/MS local rivers ( 3.6‰). Ba concentrations
were significantly higher for the MSR waters (443 nM) relative to local
rivers (~220 nM; Table 2). The average concentration of Cs in MSR
waters was estimated at 0.28 nM, while the AL/MS river waters
10
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Fig. 8. Model results of surface salinity (psu) filled color contours with surface current vectors (black) after the opening of the Bonnet Carr�e Spillway (BCS) and
during the cruise on (a) January 16 (6 days after BCS opening), (b) January 23, (c) January 30, (d) February 10 (cruise day #1), (e) February 11 (cruise day #2), (f)
February 12 (cruise day #3). White contours are bathymetry every 25 m. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 9. The 40-day trajectories of simulated drifters simulated by the CONCORDE model. (a-b)Releases with a closed Bonnet Carr�e Spillway (BCS) from Lake
Pontchartrain Estuary, (c–f) with an open BCS from Lake Pontchartrain Estuary and from the Mobile Bay main pass (g–j) on January 11th (a&c&g), January 21st
(b&d&h), January 31st (e&i) and February 10th (f&j). The color tracks their duration with blue representing the release day and red as 40 days after the release.
Black contour outlines the coast. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Table 2
Chemical compositions of freshwater discharging into the Mississippi Bight. Concentrations of dissolved inorganic nitrogen (DIN ¼ NOx þ NH4), phosphate, barium
(Ba), Cesium (Cs), and oxygen isotope composition (δ18O) in the waters from the Mississippi and local rivers. Chemical compositions for the Mississippi River are also
valid for the BCS discharge. The data correspond to the average concentrations and associated standard error of the five field trips conducted in each river between
2015 and 2016. The local rivers include the Pascagoula, Mobile, Pear, East Pearl, Jourdan, and Wolf rivers.
Mississippi River
Local Rivers

DIN (μM)

PO4 (μM)

126 � 13
12 � 1.2

2.3 � 0.6
0.44 � 0.08

δ18O (‰)
6.6 � 0.3
3.6 � 0.2

Ba (nM)

Cs (nM)

443 � 42
235 � 14

0.28 � 0.15
0.61 � 0.11

DIN and phosphate concentrations, relative to the other stations influ
enced by AL/MS local rivers indicate the presence of MSR at these sta
tions (Fig. 11i and j). These stations (C2, C3, C5) were also highly
influenced by local river waters (between 50 and 60%) even though they
are very close to C1 and C4, highlighting the large spatial variability in
freshwater sources.

contained 0.61 nM (Table 2). The DIN and phosphate concentrations in
MSR waters (126 μM and 2.3 μM, respectively) largely exceeded those of
the AL/MS local rivers (12 μM and 0.44 μM, respectively) (Table 2).
The MSR fraction estimated at each surface sample is shown in
Fig. 10b and Fig. 11f. Shades of blue indicate a dominant contribution of
local rivers while shades of red show a greater contribution of MSR
waters. High contributions (>50%) of MSR waters were found at the
Mooring Array stations (C1–C5 and BC) east of the MSR Delta (the usual
path for MSR waters) with a decrease of MSR fractions away from the
Delta. A relatively high MSR fraction (~30%) was also found at station
S1 in the northwestern Sound, indicating the presence of the MSR waters
from the BCS. MSR fractions were relatively low at stations S2 (0%) and
S3 (~20%) in the Chandeleur Sound despite the low salinity, suggesting
the presence of freshwater originating from the AL/MS local rivers.
The salinity and associated MSR water fractions explain the varia
tions of Ba, Cs, and nutrients (Fig. 11e–h). Regarding the Mooring Array
stations, the MSR fractions suggest MSR waters as the main contributor
to stations BC, C1, and C4. This is in agreement with low Cs and high Ba
concentrations measured at these stations (Fig. 11g and h). On the other
hand, stations C2, C3, and C5 had higher salinity but still relatively high
MSR fractions, with lower Ba and higher Cs concentrations. The high

3.7. Optical water mass classification
The underway optical data characterized the different water masses
in terms of optical constituents such as chl-a, CDOM and sediments. MSR
waters were generally CDOM-dominated (light and dark blue in
Fig. 10c). Waters along the northern cruise track (spanning from east to
west nearest Mobile Bay and Mississippi Sound) where chl-a dominated
with higher scattering (red to green). The areas near the MSR Delta were
characterized by CDOM-dominated waters (blue), with higher scattering
near the Delta and lower scattering offshore. Scattering was high (>2.5
m 1) near the coastal areas and river regions, especially near the outflow
of Mobile Bay and within Chandeleur Sound. Scattering was lower
farther offshore (blue).
The backscattering at 685 nm along the northern cruise transect

Fig. 10. Distribution of the origin of freshwater in the Mississippi Bight. (a) Surface salinity values, and (b) fraction of Mississippi river waters estimated at each
station (Sanial et al., 2019). (c) Surface spectral absorption ratio and (d) scattering at 685 nm (m 1) along the cruise track. Note that the Mississippi River fraction
was not estimated at station S5 because of the low freshwater influence based on the high salinity at this station. The gray contours show the bathymetry every 10 m
from 20 m to 200 m.
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Fig. 11. Pictures (a,b) and concentrations of biological and chemical parameters at each station: (c) microplankton and zooplankton broken down into different
categories, (e) salinity, (f) Mississippi River Fraction, (g) barium (Ba), (h) cesium (Cs), (i) phosphate (PO34 ), and (j) dissolved inorganic nitrogen (DIN). The color
code is based on the station locations (cf Fig. 1. Mooring Array: C1–C5; Mobile Bay: MB1, MB2; Chandeleur Sound: S1–S3, S2R; Inner Shelf: BC, S4–S6). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

parallel to the barrier islands (Fig. 10d) alternated between higher (or
ange/yellow) and lower (green) concentrations, which represents
higher scattering Mississippi Sound waters exiting between barrier
islands into lower scattering waters on the shelf. The gradients in
spectral absorption ratio and backscattering at 685 nm (Fig. 10a and b),
observed away from the MSR Delta and across the Mooring Array, were
consistent with the decrease in MSR fraction away from the Delta and
concentrations of Ba, Cs, and nutrients (Fig. 11) as well as with the
optical backscattering maps (Fig. 5).

found at S3. Nearly half of the particles at S2 were diatoms and the other
half dinoflagellates. Stations C1–C5 generally had lower particle con
centrations, ranging from 1.1 � 105 to 2.4 � 105 particles L 1 (Fig. 11a).
Total zooplankton concentrations varied significantly among
different regions (Kruskal-Wallis test, H ¼ 8.88, df ¼ 2, p ¼ 0.012), with
the highest concentration in the Chandeleur Sound relative to the
Birdfoot Delta and Mobile Bay (p < 0.01) (Fig. 11b,d). Copepods (cal
anoids þ cyclopoids) were by far the most dominant of all zooplankton
groups, and their concentrations also varied significantly among
different regions (Kruskal-Wallis test, H ¼ 9.43, df ¼ 2, p ¼ 0.009), with
the highest concentration in the Chandeleur Sound (S2 and S2R; p <
0.05; Fig. 11d).
Cluster analysis using SIMPROF identified spatial structure in the
composition of phytoplankton and microzooplankton, as well as
zooplankton communities within the study area (Fig. 12a and b). For
phytoplankton and microplankton community composition, two signif
icant clusters were identified (ANOSIM: R2 ¼ 0.76, p ¼ 0.001): one
corresponding to all of the stations near the Birdfoot Delta (Cluster I of
BC and C stations), and the other corresponding to stations near the
barrier islands (S stations; Cluster I) and near Mobile Bay (MB1 within
the plume and MB2 just outside the plume; Fig. 12a). SIMPER analysis
revealed that “other” (i.e., nanoflagellates and chlorophytes)

3.8. Phytoplankton and zooplankton spatial patterns
Dinoflagellates and diatoms were the dominant microplankton taxa
during the cruise, constituting 17.4 and 40.6% of total plankton abun
dances, respectively (Fig. 11a,c). Unidentified particles comprised a
majority of the total imaged biomass at most stations (37.9% on
average), particularly at MB1 (located within the Mobile Bay plume)
where they comprised 85.2% of the total particles. Station S4 had the
highest particle concentrations (excluding unidentified particles), with
dinoflagellates (2.3 � 105 particles L 1) and diatoms (8.5 � 106 particles
L 1) contributing nearly 12 and 45% of the total classified images,
respectively. Similar proportions of dinoflagellates and diatoms were
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Fig. 13. PCA combining the biological (microplankton only, biovolumes and
total particle count) and chemical data at the stations. Any station with missing
data has been removed. PC1 contains most of the physical and chemical data,
while PC2 has mostly the biological data. Phytoplankton biovolumes (BV) are
positively correlated with one another and with chl-a. S1 and S4 generally had
high abundances of microzooplankton and phytoplankton (total particles),
respectively. Stations S6 and MB1 had relatively high salinity, Cs, and δ18O, as
well as total particles.

variability). The largest loadings were for diatom and dinoflagellate
biovolumes, as well as total particles. Stations S1 (station within the
Chandeleur Sound with the lowest salinity and a significant percentage
of MSR water, Fig. 11) and S4 (with no traces of MSR waters) had high
abundances of microzooplankton and phytoplankton (total particles),
respectively. The BC and C stations closer to the MSR Delta had rela
tively high nutrient content (correlated with high levels of Ba) but lower
phytoplankton and microzooplankton biovolumes compared to the
more nearshore stations within the Mississippi and Chandeleur Sounds
and outside Mobile Bay.

Fig. 12. Two cluster analyses. (a) Cluster analysis of microplankton – Two
main clusters (I and II) corresponding to MSR influence and Mobile Bay and
other River influence. The MSR water detected at S1 was not sufficient to
change the microplankton community into one that resembles C1–C5 and BC
stations. (b) Cluster analysis of zooplankton community composition by station
showing two (I & II) main clusters. S1 and S2 stations are different from
other stations.

4. Discussion
This study combined field sampling, modeling, and remote sensing to
characterize the oceanographic conditions and biogeochemical response
within a broad coastal region shortly after the opening of the BCS in
2016. For the primary sources of freshwater (MSR and local river wa
tersheds) to the Mississippi Bight, which is located within the northern
Gulf of Mexico, total discharge was anomalously high during winter and
resulted in an unprecedented early opening of the BCS. These large
freshwater pulses can generate higher than average biological produc
~ o effects observed in this region during winter and
tion, similar to El Nin
spring (Gomez et al. 2019). The BCS represents an intermittent and
infrequent pathway for MSR waters into the Mississippi Sound, Chan
deleur Sound, and Mississippi Bight. This region is usually dominated by
freshwater from smaller local rivers and the Mobile Bay watershed, with
only seasonal influence from the MSR (Morey et al. 2003; Dzwonkowski
et al. 2018b; Ho et al. 2019; Sanial et al. 2019). Measurements and
model results generally agreed that BCS waters were confined to the
northwestern portion of the study area before and during the field
sampling. While numerous studies have examined the immediate
response of the ecosystem to freshwater plumes in this region (Bargu
et al. 2011 and some others cited later), few examined the broader scale
response to a BCS opening, particularly a release under relatively low
stratification that is more common during the winter months. We
highlight the main drivers of the movement of BCS waters, the associ
ated biogeochemical and ecological patterns found during this release,
and how these conditions compared to other BCS openings.

contributed most (37%) to the total dissimilarity between clusters, fol
lowed by the concentration of particles (24%), diatoms (19%) and di
noflagellates (14%).
For the zooplankton community, cluster analysis with SIMPROF also
grouped all samples into two distinct clusters (ANOSIM: R2 ¼ 0.67, p ¼
0.008): Cluster I consisted of stations from the Chandeleur Sound region
(except S2R), while Cluster II was composed of the remaining stations
(Fig. 12b). SIMPER analysis revealed that copepods contributed most to
the total dissimilarity in community composition between clusters
(23%), followed by cladocerans (17%), other decapods (10%), chaeto
gnaths (9%), barnacle nauplii (7%), larvaceans (6%), zoea larvae (5%),
siphonophores (5%), ostracods (4%), copepod nauplii (3%). The rest of
the zooplankton taxa (nine taxa) combined contributed 10% to the total
dissimilarity between clusters.
Spatial relationships among microplankton and chemical variables
were examined with a PCA analysis for stations with a complete set of
measurements, all stations except S3 and C1 (Fig. 13). Ba acted as a
proxy for DIN and phosphate because they were highly correlated (r ¼
0.90 and 0.97, respectively). Chl-a was also correlated with phyto
plankton biovolume (r ¼ 0.73), so chl-a was dropped from the analysis.
Principal component 1 explained 57.1% of the variability, with the
largest loadings for Cs, δ18O, and salinity, while principal component 2
contained a larger proportion of the biological data (21.4% of the
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4.1. The 2016 BCS opening

different water sources consisted of different nutrient ratios. Redfield
ratio shows that the N:P ratio was <16 at stations along the outer shelf,
suggesting N-limitation (Redfield 1958; Hillebrand and Sommer 1999),
but the N:P ratio was much greater than 16:1 at stations along the inner
shelf, suggesting that P was a limiting nutrient.
Phytoplankton biomass and community structure in the Mississippi
Bight are influenced by the proximity, magnitude, and timing of the
nutrient-rich fluvial input into the system (Qian et al. 2003). Although
research on this coupling is limited, several studies point to a nearshore
succession of plankton groups in response to nutrient inputs. Phyto
plankton succession in Lake Pontchartrain Estuary in years of spillway
openings during the warmer spring and summer months show elevated
diatom concentrations were followed by late summer cyanobacteria
blooms (Bargu et al. 2011; Roy et al. 2016). Previous studies in the re
gion have shown that diatoms are one of the most common phyto
plankton in the Mississippi Bight (Qian et al. 2003; Chakraborty and
Lohrenz 2015). Cyanobacteria often peak in abundance along the inner
shelf and in estuaries during summer, when warmer temperatures,
weaker winds and reduced discharge conditions increase residence
times (Paerl 1996; Li 1998; Chakraborty and Lohrenz 2015). Cyano
bacteria blooms were extensive during the second BCS opening in 2019
that spanned from mid-May through the end July. The resulting nutrient
pulse generated dense toxic phytoplankton populations that closed
many beaches spanning from Lake Pontchartrain Estuary through the
Mississippi coast and affected many marine animals including dolphins,
oysters, and coastal fisheries (e.g., Chappell, 2019).
Conditions during the wintertime 2016 BCS opening were not
favorable for a bloom (cold mixed water column); however, BCs open
ings later in the season could be more likely to trigger an algae bloom.
Haywood et al. (2018) found that carbon-cycling processes were sup
pressed within Lake Pontchartrain Estuary following the 2016 BCS
opening. This suppression was correlated to a sharp decrease in water
temperatures within the estuary from ~11 � C before the opening to ~5
�
C during the opening. Lower water temperatures have been linked to
limited carbon-cycling processes (Arnosti and Jørgensen, 2003; Hernes
et al., 2008; Weston and Joye, 2005).
The zooplankton community composition varied spatially, with most
samples from the same regions containing similar communities. The
dissimilarity in zooplankton composition among regions was primarily
driven by changes in relative abundance of calanoid copepods, which
were significantly more abundant in the Chandeleur Sound relative to
other stations, and were the most abundant zooplankton taxa in all the
stations. In this region, these small crustaceans are common and are an
important prey item for many species of fish (Baier and Purcell 1997),
including commercially important ones such as the Gulf Menhaden
(Govoni et al. 1983). Environmentally induced changes in their abun
dance could affect fish growth, reproduction, and survival.

4.1.1. Time scale of the plume into the Mississippi Bight
Model results, along with water chemistry and optical backscat
tering, suggested that the BCS waters slowly (within 4–5 weeks)
migrated out of Lake Pontchartrain Estuary and mostly remained within
the Mississippi and Chandeleur Sounds. The BCS waters were driven out
of Lake Pontchartrain Estuary by a SSH increase within the lake created
by the temporary discharge of the BCS. However, the slow speed of the
BCS waters out of Lake Pontchartrain Estuary and Lake Borgne Estuary
allowed the winter wind patterns to mix and dilute BCS waters with
ambient waters and worked to confine BCS waters within the sounds.
Thus, the transport and spread of BCS waters onto the shelf was limited.
Samples of the BCS waters within the Mississippi and Chandeleur
Sounds were patchy as shown by in situ chemistry data and strong
temporal variability exemplifies the difficulty in evaluating the influ
ence of the BCS opening based on limited coverage of in situ data. As an
example, stations S4 (sampled on 02/10, 15:19) and S2R (02/10, 12:55)
showed no MSR (from the BCS) contributions although they had rela
tively low salinities, especially at S2R (Fig. 11f). Just two days later,
nearby station S3 (02/12 20:03) showed a significant MSR (from the
BCS) contribution.
4.1.2. Dilution with local waters and effects from wind and SSH
Currents at the Mooring Array along with model results showed that
winds were the primary driver of circulation, especially with the passage
of cold fronts. Wind has been previously identified as a major driver of
the mixing and fate of the MSR plume in coastal areas (Walker 1996;
Morey et al. 2003; Walker et al 2005; Schiller et al. 2011; Dzwonkowski
et al. 2018a). The frequent fall and winter cold fronts (every 3–10 days)
generate relatively strong southward winds (>10 m s 1) that push the
plume toward the west and south, and mix shelf waters. On the other
hand, spring and summer consist of weaker (<5 m s 1) northward winds
that transport the MSR plume eastward into the Mississippi Bight
(Schiller et al. 2011; Dzwonkowski et al. 2018a). With this wind sea
sonality and subsequent MSR transport, BCS waters would take starkly
different paths depending on the time of year. The results from the 2016
BCS opening presented here show that the BCS plume largely remained
within the estuarine lakes and the sounds. Conversely, we would expect
that spring and summer mild northward winds would most likely result
in BCS waters traveling eastward into the Mississippi Bight.
The MSR discharge flowing out of the Birdfoot Delta was much larger
than the waters diverted via the BCS (less than 10% of MSR waters).
MSR fraction analysis results indicated that the MSR had a larger pres
ence on the shelf near the Delta (from the MSR normal outflow) than
within the Mississippi Sound and Chandeleur Sound (from the BCS).
Nevertheless, both MSR waters at the Mooring Array stations (from the
Birdfoot Delta) and at the entrance of Lake Borgne Estuary (from the
BCS) were quickly diluted with local freshwater sources, as observed by
the gradient in MSR fraction. While individual local river discharge is
relatively small, collectively these rivers are equivalent to up to 40% of
the MSR discharge that travels east and offshore (Dzwonkowski et al.
2018b). Our results show that MSR transport was localized, while
smaller rivers were the dominant source of freshwater in the Bight, as a
result of the local river flooding from December and into January.

4.2. Comparing 2016 to other openings
Table 1 shows the average BCS discharge of MSR waters was
approximately 14.7 km3 while the highest discharge of 30.1 km3 goes
back to 1945. The effects of these discharges on the Mississippi Bight
stratification can be considered by estimating its effect on the surface
layer defined as a 5 m deep surface layer across the entire surface of the
Mississippi Bight (approximately 48 km3, 95 km � 100 km x 5 m).
Assuming that all BCS waters entered the Mississippi Bight and that
freshwater remained at the surface, the input of 2016 BCS waters would
represent 15% of the volume of the Mississippi Bight surface layer, 29%
based on the average BCS discharge, and up to 63% based on the
maximum total discharge from the 1945 opening. This contribution of
15% of BCS water into the Mississippi Bight surface layer would result in
a salinity drop of 5 psμ (assuming a background salinity for the surface
layer of 36), 10 psμ for the average discharge, and up to 23 psμ for the
largest total discharge observed. For the 2016 BCS opening, the average
salinities for model results from the twin experiments over areas

4.1.3. Plankton community composition
One of the motivating factors for this study was to determine
whether the opening of the BCS would potentially influence the
phytoplankton community, perhaps even triggering a harmful algal
bloom. Indeed, larger nutrient concentrations could potentially result in
algal blooms (Turner et al. 2004), but this was not observed in our case.
Model simulations and water mass tracer data show that Mobile Bay and
local river waters seemed to play a much greater role structuring
plankton communities along the inner shelf, whereas the MSR from the
Birdfoot Delta played a much greater role in the outer shelf. The
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shallower than 30 m (~47 km3) showed a salinity difference of ~3 psμ.
These values (~5 psμ bulk estimate vs ~3 psμ for model) are of the same
magnitude, although differences could be attributed to freshwater likely
extending below 5 m in the model especially in the sounds and Mis
sissippi Bight. These estimates show that BCS openings have widespread
effects across the Mississippi Bight.
Intrusion of MSR waters through the BCS would also affect the nu
trients available for phytoplankton production. Nutrient (DIN) fluxes
were estimated and compared for both BCS waters and local rivers. For
the 2016 BCS opening of 6.9 km3, a DIN concentration of 126 μM
(Table 2) represents a flux of 8.69 � 108 mol (12,200 Mg) into the
sounds and Mississippi Bight. In comparison, the total volume of water
from the local AL/MS rivers over the 23 days of BCS opening from
January 10 to February 1, 2016 (based on data from USGS: https://wate
rdata.usgs.gov/nwis) was estimated at approximately 8.8 km3, around
20% more than the total BCS discharge. Considering a local river DIN
concentration of 12 μM (Table 2), the AL/MS local rivers represented a
DIN flux of 1.06 � 108 mol (1480 Mg) to the Mississippi Bight. There
fore, the DIN flux from BCS waters were one order of magnitude larger
than local rivers. The DIN flux for the 2016 opening is comparable to
other BCS openings (Roy et al. 2013).
The intermittent increase in nutrients and resulting primaryproduction from BCS openings could also exacerbate the summertime
hypoxia commonly observed in the Mississippi Bight. Increased MSR
discharges enhance primary production and plankton concentrations in
the Mississippi Bight because of the larger nutrient fluxes and increased
stratification. These factors usually contribute to a spreading of the
bottom hypoxic layer along the shelf from Texas through Florida
(Brunner et al. 2006; Bianchi et al. 2010; Dzwonkowski et al. 2018a; Ho
et al. 2019). The Spillway opening in 2011 may have increased hypoxia
in the northwestern Mississippi Bight (Ho et al. 2019). The wintertime
2016 BCS opening did not result in reported hypoxia on the shelf, likely
because of the winter cold fronts known for mixing the shelf water
column (Bianchi et al. 2010). Hypoxia in the Mississippi Bight is most
common in late spring and summer, when shelf stratification increases
because winds are greatly reduced. Therefore, a BCS opening during
these warmer months could exacerbate hypoxia in the Mississippi Bight.
Comparable to strong winter winds are intermittent tropical cyclone
winds in summer and fall months. Tropical cyclones have been found to
eradicate existing hypoxia in the northern Gulf of Mexico shelf by
mixing the summertime stratification and hypoxic bottom layer: Hur
ricane Andrew in 1992 (DiMarco et al 1995, 2001), and Hurricane Cindy
and Hurricane Dennis in 2005 (Rabalais et al. 2007).
BCS openings occur during uncharacteristically wet periods across
the MSR watershed. Large-scale precipitation patterns across the US are
~ o Southern Oscillation
influenced by climate variability such as El Nin
~ o events result in
(Enfield, 2001; Clark et al. 2014), where positive El Nin
increased precipitation across the MSR watershed and, thus, increased
MSR discharges into the Mississippi Bight (Sanchez-Rubio et al. 2011;
~ o events do not always coincide with BCS
Gomez et al. 2019). El Nin
openings, although openings in 1973, 1983, 1997, and 2016 occurred
either during or after an El Ni~
no event. The BCS openings in 1983, 1997,
~ o event in the last
and 2016 occurred during some of the strongest El Nin
70 years (Cohen et al. 2017). These years clearly resulted in greater
precipitation over the MSR watershed, especially in the 2015–2016
winter that resulted in the warmest and wettest December on record
~o
(NOAA 2016). These connections highlight the effects from El Nin
events on increasing MSR discharges that ultimately result in intermit
tent physical and biogeochemical changes in the Mississippi Bight.

the estuarine lake system and sounds, driven by both a short BCS
duration and relatively strong north-northeasterly winds. Therefore,
different seasons would affect the BCS plume trajectory in different
ways. The generally weaker southerly winds of late spring and early
summer would allow the plume to spread further out into the sounds and
shelf. Furthermore, stratification during these periods would be
enhanced. A larger extent of the BCS waters could affect the production
of blooms, enhance the summer hypoxic layer in the Bight, and have a
larger effect on the ecosystem.
4.3.2. BCS discharge effect on coastal ecosystem
The BCS openings have spanned from January through July since its
construction in 1931 (Fig. 2), so the ecological effects on the coastal
ecosystem have a seasonal component. This study assessing the mixing
and transport of BCS waters (processes on small spatiotemporal scales),
along with the associated biology, was conducted after the earliest
opening of the spillway in January–February 2016, which represent
conditions that are atypical for BCS openings, as 50% of them have
occurred in spring, between April and May. Increasing the diversion of
MSR through the BCS, especially in summer when the water column is
already stratified, likely increases the development of hypoxia in the
Mississippi Bight, disrupting oyster farming (Day et al. 2009; Roy et al.
2016; Posadas BC and Posadas BKA 2017) and fishery production
(Lohrenz et al. 1997; Grimes 2001) in the region.
Furthermore, increasing global temperatures and extreme weather
are expected to increase the potential for earlier openings such as this
2016 event. Global warming is expected to bring wetter winters to the
eastern US and Great Plains (Karmalkar and Bradley 2017). Specific to
the Midwest, climate model predictions by Wuebbles and Hayhoe
(2004) suggest increases in winter and spring precipitation and tem
perature through 2099. Heavy precipitation events in the Midwest have
already shown significant increases over the past century (Kunkel 2003;
Angel and Huff 1997). Warmer temperatures in winter and spring will
also lead to less snow accumulation with greater rainfall and flooding in
the upper MSR watershed (Wuebbles and Hayhoe 2004).
5. Conclusions
The 2016 BCS opening was the earliest on record and third smallest,
~ o that created the warmest and wettest
resulting from a strong El Nin
December on record in the continental US. The wintertime opening of
the BCS appeared to reduce its spread out of Lake Pontchartrain Estuary,
as it was suppressed by the circulation impacted by the wind and short
BCS opening duration. Furthermore, the concurrent flooding of the
smaller local rivers further diluted the effects of the nutrient-rich BCS
waters in estuarine lakes and sounds.
As this work demonstrates, the physical conditions surrounding the
BCS opening are critical for determining where the fresh, high nutrient
waters will be advected. Although the ecological impacts of this
particular 2016 opening appeared to be minimal, the record long second
opening of 2019 resulted in a number of acute and conspicuously
negative ecosystem impacts. These impacts included extremely low sa
linities in the Mississippi Bight (5 psμ, Dzwonkowski personal commu
nication); widespread cyanobacteria blooms (Mississippi Department of
Environmental Quality); dolphin die offs (McConnaughey 2019); high
mortality rates in oyster farms (Newton 2019); and low fishery yields
(Lee 2019). In contrast, our study showed general confinement of BCS
waters to the Chandeleur Sound, which may have reduced its overall
ecological impacts because these areas consistently have low salinities.
An approach similar to the one used in this study, combining modeling,
remote sensing, and in situ physical and biogeochemical data, could be
replicated in different seasons of BCS openings to elucidate the most
important factors contributing to their deleterious ecological
consequences.

4.3. Lessons learned
4.3.1. Key factors in evaluating the regional impact of BCS openings
The extent and spread of the BCS plume through the estuarine lakes
and sounds depends on total discharge volumes, seasonal wind patterns,
and stratification of the region. The 2016 BCS plume remained within
16
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